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Abstract 
 
This thesis reported the fabrication of three dimensional (3D) microstructured 
scaffolds by two-photon laser scanning photolithography (TPLSP) and its applications 
in 3D cell cultures. Computer-designed 3D structures were created by laser 
stereolithography with a femtosecond (fs) infra-red (IR) laser that locally polymerizes 
the photosensitive polymer materials. This approach provided scaffolds at submicron 
resolution with high reproducibility, and good cell compatibility. We have 
successfully demonstrated 3D cell culture with hepatocytes. The patterned cells 
maintained their cellular function, as reflected by their albumin expression. Moreover, 
we have developed a cell encapsulation method that allowed us to premix the seeded 
cells with photosensitive polymers to be patterned by the TPLSP microfabrication 
process. 
 
It has been reported that many cells performed better in a 3D environment than 
on conventional 2D cell culture plates. Biomimetic 3D microstructures could provide 
the architecture to control cell-cell interactions and to guide cells to grow in 
conditions similar to those in vivo. Engineering functional tissue masses would 
require complex and high-resolution 3D microstructures for precise cell patterning to 
guide cell proliferation and polarization. Currently, however, no true 3D 
microstructures are available for soft tissue engineering, and existing methods have 
not been able to provide the required degree of control over cells. 
 
Two-photon laser scanning process is a novel approach applied in the field of 
cell and tissue engineering that is capable of the fabrication of three-dimensional (3D) 
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structures. The development of 3D structure fabrication in the presence of cells has 
demonstrated its feasibility to promote cell growth in a directed manner, and its 
potential to evade existing cell-seeding problems. It has the potential to create a 
controlled microenvironment that is significant for the analyses of various cell 
functions. In this thesis, a photosensitive material was employed in the localized 
polymerization by TPLSP. Scaffolds were fabricated at submicron resolution with 
high reproducibility and at a high speed, based on a digitized model. Hepatocytes 
were successfully patterned in 3D microstructures according to design for 
bioengineering applications. Our 3D devices were able to pattern cells precisely and 
maintain the correct cellular functions. 
 
A cell encapsulation method cum TPLSP microfabrication process was further 
developed to eliminate existing cell seeding challenges. Our work presented a simple 
and flexible way to construct microstructures that led to optimal cell growth for 3D 
cell culture and tissue engineering. These constructs were fabricated in a manner that 
enabled entrapment of cells at high density and viability. The scaffolds effectively 
provided mechanical support and directed cell spreading according to the 
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Chapter 1 – Background and Motivation 
 
1.1 Limitations on Current 3D Cell Culture and Tissue Reconstruction 
 
To provide immediate therapeutic benefits to people suffering from liver diseases, 
the development of new therapeutic applications is crucial [1]. Development of a 
bioartificial liver device based upon the manipulation of in vitro modified hepatocyte 
culture has been studied in detail in the past decade [2, 3]. The approach is to apply 
tissue engineering to biomimetic scaffolds that simulate the environment of liver cell 
growth. The ideal scaffold should be capable in providing a 3D matrix structure, have 
low immunogenicity, and be biodegradable for certain applications. 
 
Biologists are increasingly turning to 3D cell culture because of the difference 
inherent in the gene expression and other biological activities between a flat layer of 
cells and complex 3D tissue. The 3D environment is a closer match to living tissue. 
Furthermore, earlier studies have shown that monotypic or heterotypic cell-cell 
communication and soluble factor exchanges between hepatocytes and non-
parenchymal cells are essential to maintain differentiated cell functions in vitro [4]. 
 
Until now, there has been no good ways to provide this degree of control over 
cells in 3D. Methods such as trans-well co-culture, sandwich culture and hepatic 
tissue sheets have been explored in great detail recently [5]. However, these 
approaches have inherent architectural limitations as they are derived from the 
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conventional two-dimensional (2D) concept. Thus, it is difficult to incorporate such 
approaches in the development of a highly functional bioartificial liver. 
 
Cell cultures are commonly performed in two dimensions in a Petri dish or a 
microtiter plate. For 3D studies, the cells are typically embedded in a gel. Using 
Matrigel™ or a hydrogel, cells can be trapped and suspended vertically in a matrix to 
achieve 3D culture. The cells may clump together into “cell spheroids”, which is a 
slow process, and the size and shape of the cell clumps may vary significantly [6]. 
Moreover, cells that require direct contact with one another to communicate may end 
up being too far apart. Cell distribution in the gel is random, and the distance between 
the cells is variable. Cell-cell interactions have been correlated with the maintenance 
of the correct cell-specific function, cell differentiation and proliferation [7]. The 
variation in such cell culture environment would lead to difficulty in controlling cell 
behavior and cellular activities, and in achieving reproducibility in drug testing 
applications [8, 9]. 
 
Furthermore, hydrogels are usually not used for cell-dense tissues. Currently, no 
ideal 3D scaffolds exist for soft tissue engineering. There is a need to fabricate more 
elaborate, architecturally well-defined 3D scaffolds for functional tissue engineering.  
The ideal scaffolds for cell culture should be based on a biocompatible platform that 
can flexibly provide the appropriate architectural support. Conventional lithography 
used to fabricate silicon chips is not suitable because of the material incompatibility 
and the complexity of 3D fabrication. Electric and light energy have been employed 
to move and trap cells within a gel for 3D cell culture studies [10]. However, to 
control cell seeding in proper distribution in 3D is still challenging. 
National University of Singapore 3
1.2 State of the Art of 3D Scaffolds 
 
Tissue engineering entails the combination of cell culture, engineering and 
materials methodologies to improve biological functions. Figure 1.1 illustrates the 
basic principles of tissue engineering [11]. Typically, a small amount of cells is 
removed from a healthy liver to be expanded in a cell culture plate; the cells are then 
seeded onto an artificial scaffold that is placed in a dish for culture and growth before 
being implanted into the body. Thus, it would be of interest to fabricate artificial 
scaffolds to mimic the real organs to be seeded with cells for tissue engineering. One 
bottleneck in this process is the availability of suitable 3D scaffolds. 
 
 
Fig. 1.1. Basic principles of tissue engineering [11]. 
 
Currently, some researchers are still doing cell cultures in the traditional 2D flat 
platforms. Matrigel™ and hydrogels are used to trap cells in 3D, but the cells inside 
the gels are randomly distributed and no mechanical structures can be formed. 3D 
scaffolds are ideal for simulating the real environment in the body, and biocompatible 
polymers would be the ideal materials for constructing these scaffolds. 
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There are some reports in the literature on the different behavior of cells growing 
in a flat layer and those in complex 3D tissues [12], whereby the 3D systems are 
almost always more physiologically relevant. For example, artificial cell sheets were 
recently reported by Japanese researchers [13, 14]. Cells from different organs were 
cultured on a thermally sensitive membrane. By altering the temperature, cells would 
detach as a thin sheet. One layer of hepatocytes (liver cells) and one layer of 
endothelial (blood vessel) cells were stacked together to form sandwich tissue blocks. 
The cell sheets performed as well as the actual organ in the body, and better than the 
conventional culture of cells in a hydrogel with extracellular matrix (ECM). However, 
there was no actual blood vessel inside the tissue block, and thus, nutrients and 
oxygen could not flow into the growing tissue. Due to mass transfer limitations, the 
cell sheet could only constitute up to 4 layers, with a total thickness of ~100 μm. 
 
On the other hand, 3D scaffolds can provide a guide or template for cells to grow. 
Precise fabrication can provide a microenvironment of consistent quality and 
mechanical properties with biological context. As such, 3D scaffolds are expected to 
lead to the development of promising artificial organs, allowing researchers to gain a 
better understanding on how cells grow and behave in the body to advance generative 
medicine. It is believed that most, if not all, cell culture work would turn from the 
current 2D platforms to 3D scaffolds in the next 20 years. Drug development 
companies would adopt new 3D platforms if consistent functional tissue blocks are 
available with controlled cell-specific functions and differentiation. 
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Other currently available 3D scaffolds include calcium phosphate and hydrogel 
biomaterials such as collagen, alginate and peptides. The microstructure and 
patterning of these scaffolds are inherent to the process and formed randomly, as 
shown in Fig. 1.2. 
 
For liver tissue engineering, our goal is to mimic the real liver lobules by using a 
3D polymeric scaffold for culturing endothelial cells and hepatocytes. With this 
artificial structure, we aim to overcome the issue of mass transfer limitations and 
engineer larger artificial organ blocks. The desirable properties of a 3D scaffold 
include: a designable matrix, biocompatibility, low immunogenicity and 
biodegradability. High-resolution fabrication is required to reproduce physiological 
features, and thus provide a biomimetic microenvironment. 
   
   
Fig. 1.2. Some commercially available 3D scaffolds. (A) Calcium phosphate is used 
for bone metabolism and cartilage regeneration [15]. (B) Collagen composite is used 
for tissue engineering of epithelial cells, neurons, hepatocytes, etc. [16]. (C) Peptide 
hydrogel is used for in vitro cell culture [17]. (Courtesy and © Becton, Dickinson and 
Company Reprinted with permission) 




1mm    1mm      100nm 
A      B      C 
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1.3 Methodology for Precise 3D Cell Culturing 
 
3D scaffolds are attractive as they provide a suitable architecture for cells to 
grow, promoting better specific cellular functions than in a 2D platform. They provide 
more insights into how cells grow and behave in the body. The 3D microstructures 
can mimic the in-vivo microenvironment in vitro. Moreover, the biodegradable 
scaffolds can be useful for some implantation purposes. Ideally, 3D scaffolds should 
be fabricated with tailored microstructures to provide a microenvironment of 
consistent quality and mechanical properties, and be endowed with the appropriate 
biological signals. 
 









•  Flat layer: 
    - Petri dish 
    - Microtiter plate 
 
•  Matrigel™: 
    - Cells trapped in the Matrigel™ 
    - Random distribution of cells 
    - Not suitable for cell-dense tissues  
 
 
•  3D scaffold:  
   - Biocompatible 
   - Biodegradable (as needed) 
   - Designed microstructures 
   - Proper architectural support  
 
•  Semiconductor lithography cannot 
form true 3D patterns, and such 
process is too complicated to build 
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1.4 Project Goals, Contributions and Thesis Structure 
 
The goal of this thesis was to develop a microfabrication system that is able to 
produce 3D microstructures by using biocompatible process and materials. The design 
of the 3D scaffold was reproducible and could promote better cellular functions. 
 
In this thesis, the development of our two-photon femtosecond (fs)  laser system 
for TPLSP was described in Chapter 2. Our system has fully automated 3D 
microfabrication functions with a resolution of up to submicron. Chapter 3 presented 
a detailed study of the well-defined polymeric scaffolds fabricated using our system, 
which provided a better maintenance of hepatic functions and healthy cellular 
expression within 7 days as compared to conventional cell culture in a 2D platform. In 
Chapter 4, 3D micropatterning using a fibrinogen mixture was described, using the 
same two-photon polymerization process. Multiple cell types could be precisely 
grafted in 3D. Cells could also be seeded within a 3D cage, where the openings in the 
cage were smaller than the seeded cells (for intra-cell seeding). These studies 
demonstrated the capability of precise 3D cell micropatterning, which could not be 
achieved by using conventional approaches. Chapter 5 presented the conclusions and 
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Two-photon polymerization was firstly demonstrated by Satoshi Kawata et al. [1, 
2]. Various 3D objects could be fabricated with this technique. Two-photon 
polymerization is a process whereby near-infrared (NIR) light with high peak power 
is focused on a photopolymer. Each initiator that absorbs UV photons would absorb 
two NIR photons and become a radical. The resulting radical cleaves the double 
bonds of the unsaturated carbon bonds in the acryl groups of the monomers and 
oligomers, successively creating new radicals. This chain reaction is terminated when 
two chain radicals meet and react with each other. 
 
This section presents the difference between the two-photon polymerization and 
polymerization through actinic radiation. The simultaneous absorption of two lower 
energy photons cooperatively provides the energy needed to prime the fluorescence 
process [3]. The probability for such an event to occur is approximated by the 















a   ,             Eq. 2.1 
where an  = number of photons absorbed per fluorophore per pulse, aveP  = average 
incident laser power,   = molecular cross-section of material, p  = pulse duration, 
pf  = repetition rate of the laser,   = excitation wavelength, c  = speed of light, and 
NA  = numerical aperture of the optical system. According to the equation, for a more 
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efficient polymerization, one would need a stronger incident laser power, a shorter 
laser pulse, a shorter incident laser wavelength, and/or a larger numerical aperture of 
objective.  
 
The two-photon effect has important consequences in limiting the excitation 
region within a femtoliter volume. In the paraxial regime, the intensity of fluorescence 

















 ,           Eq. 2.2 





u  , and 
 sin2 rv  . The intensity of the fluorescence distribution 
of the one-photon case is illustrated as ),( vuI . For the case of two-photon excitation 
(TPE), two long-wavelength photons are absorbed simultaneously, and their energies 





1(2 vuI  [6]. 
 
Compared to the one-photon case (actinic radiation), the TPE case is axially 
confined [7, 8]. The most important aspect predicted by Eq. 2.2 is that the excitation 
power decreases with the square of the distance from the lens focal point within the 
approximation of conical illumination geometry. In practice, this would mean that the 
quadratic relationship between the excitation power and the fluorescence intensity 
results in the TPE decreasing as the fourth power of the distance from the focal point 
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of the lens. As a result, volume polymerization of material is possible for the TPE 
system, while it is not possible with the actinic radiation system. 
 
2.2 State-of-the-Art of Two-Photon fs Laser Fabrication 
 
Table 2 compares our system’s performance with reported literature (see Table 
2.1). Our system has superior scan speed and scan volume, a wide selection of lenses, 
a fast shutter speed, an isolator to protect the laser, automatic slice planarity control, 
and comparable scan resolution, as compared to the existing systems. Other features 
provided by our system included laser focus wobble function, device stitching 
function, device arraying and real-time process monitoring with a CCD camera. 
 



























1 Scan Speed 
PZT 






0.3-2 mm/s 30 mm/s 
2 Scan Height 
Limited by 
oil droplet 







































3 Lens 100× 100× 100× 100× 100× 20×, 50×, 100× 
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6 Isolator No No No No No Yes 





























No No No No No Yes 
10 Resolution (XYZ) 
100× 
(0.1 μm × 




(0.1 μm × 




(0.1 μm × 




(0.1 μm × 




(0.1 μm × 




(1 μm × 
1 μm × 
7 μm) 
50× 
(0.5 μm × 
0.5 μm × 
1 μm) 
100× 
(0.1 μm × 





The literature applications of two-photon fs fabrication are mainly in photonic 
crystals, micromechanics, microfluidics and microlens, while we are focused on 3D 
cell culture systems using different biocompatible materials. 
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2.3 Experimental Methods 
 
2.3.1 Principle of Two-Photon Stereolithography 
 
In the two-photon stereolithography [16-20], a monomer mixed with a photo-
initiator that absorbs UV light is exposed to an IR laser. Two photons of IR light are 
absorbed by the resin/chemicals, and a single photon of ultraviolet (UV) light is 
released. The released photon is then absorbed by the photo-initiator to produce free 
radicals that in turn cause polymerization of the monomers. Since the two-photon 
absorption cross-section is very small, for the release of sufficient UV light to induce 
free radical polymerization in the chemicals, a large amount of energy (on the terawatt 
scale) has to be delivered to the chemical by the laser. This energy density could be 
generated at the focal point of a laser beam from an ultrafast fs pulse laser.  
 
Since two-photon absorption only occurs at the focal point of the beam, instead 
of the laser beam path, a very small volume (femtoliter) of monomer can be 
polymerized through the release of free radicals from the photoinitiator. After the 
structure has been polymerized from a block of resin or in a petri dish of monomer, 
the unexposed chemicals are washed away by a solvent. With this technique, high-
resolution 3D structures could be fabricated.  Applications of the two-photon 
stereolithography have been focused on the fabrication of photonic structures and 
semiconductor devices [21].  
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2.3.2 Single-Photon and Two-Photon Excitation 
 
Figure 2.1 shows an example of ordinary (single-photon) excitation of 
fluorescence and two-photon excitation. The upper lens focuses green (543 nm) light 
from a continuous wave (CW) helium–neon laser into the cuvette, producing the 
expected conical pattern of excitation (fading to the left). The lower lens focuses 
pulsed IR (1046 nm) light from a neodymium:yttrium-lithium-fluoride (Nd:YLF) 
laser. In two-photon absorption, the excitation is proportional to the square of the 
intensity. Thus, the emission is confined to a small focus point (see arrow), which can 
be positioned anywhere in the cuvette by moving the illuminating beam [22]. 
 
   
Fig. 2.1. An illustration of ordinary single-photon excitation of fluorescence (upper 
beam) and two-photon excitation (lower dot with arrow) [23]. 
 
From the single-photon effect, the monomer along the optical path of conical 
pattern can be polymerized, while high-resolution localized polymerization can be 
achieved in two-photon effect as illustrated in Fig. 2.2. By manipulating the incident 
laser beam, a 2D image can be scanned from one dot to another to form a line. By 
moving another mirror, more lines can be scanned to form an entire plane. The laser 
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wavelength is in the NIR range, which is known to be safe for biomedical applications 
and cellular radiation. 
 
 
Fig. 2.2. Different polymerization effects between (A) the single-photon excitation 
and (B) the two-photon excitation. 
 
To date, there are no known two-photon polymerization systems available 
commercially, and all current optical architectures are laboratory-based. The 
excitation source for all known systems is based on a pulsed tunable NIR laser. 
Microscope objectives with high numerical apertures are used to focus the NIR laser 
beam onto a photopolymer to ensure the two-photon absorption energy density is 
sufficient. By scanning the focal point of the laser with a high-resolution stage or a 
galvanometer, 3D structures are fabricated.  
 
2.3.3 System Setup and Functions of Components 
 
Figure 2.3 illustrates the optical architecture of our two-photon stereolithography 
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Ti:Sapphire laser. An isolator was placed in front of the laser aperture to prevent 
reflected laser light from disrupting the mode lock of the laser cavity. Laser beam 
exiting the isolator was directed into an acousto-optic modulator (AOM), which 
served as a high-speed shutter for the system. Next, the laser beam that passed 
through the AOM was expanded with an electronically controlled beam expander. 
This module served two purposes. (1) The beam diameter was expanded to fill the 
input aperture of the scanning galvanometer, so that the back of the objective lens was 
overfilled to make full use of the objective aperture. (2) The beam expander also acted 
as an on-the-fly focusing module to automatically correct any plane distortion, which 
might occur if large lens elements that did not correct for plane distortion were used. 
The axial control of scanned structures was provided by a high-resolution elevation 
stage that stepped for each slice exposure. 
 
 




Although the two-photon stereolithography system shared some similarities with 
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These differences enhanced the fabrication throughput, minimized the sample 
contamination, maximized the size of scan devices, and facilitated the system 
operation.  
   
Table. 2.2. Characteristics and functions of the various components in our two-photon 
polymerization system. 
 
 Hardware (Techniques) System Configuration 
Excitation source 
Infra-red laser, fs–ps, 80–100 
MHz repetition rate, tunable in 
680–1050 nm 
Spectra Physics, Mai Tai, 
wavelength: 700–1020 nm, 
pulse width: < 100 fs, 
average power: 2.5 W 
Shutter to shut off 
laser power during 
scanning 
AOM, neutral density filter AOM 
Laser spot scanning Galvanometer, XY (nm) stages ScanCube 7, galvanometer 
Beam focusing Oil lens Nikon ELWD Air objectives 




None Scan Tube 20 
Software control LabVIEW/custom program Modified SCAPS program 
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2.3.4 Polymer-Based Cross-Linkable Material 
 
The material employed was an acrylic-based monomer mixed with a 
photoinitiator (Fig. 2.4); cross-linking of the monomers could be activated by photon 
excitation. The material was comprised 5–18 wt% of poly(meth)acrylate, 20–50 wt% 
of urethane(meth)acrylate, 35–55% of di(meth)acrylate, and 2–5 wt% of 
photoinitiator.  The resulting poly(meth)acrylate has a molecular weight (MW) in the 
range of 880 to 1200 Da. The di(meth)acrylate was either monomeric or oligomeric. It 
was a mixture of ethoxylated bisphenol A diacrylate and ethoxylated bisphenol A 
dimethacrylate. 
 
Fig. 2.4. Main composition of two-photon cross-linkable material [24]. 
 
During the cross-linking process, the photons initiated and created monomer 
radicals that binded to form polymers. The portion exposed to laser irradiation was 
polymerized and hardened. The unpolymerized portion of the material was removed 
from the polymerized portion, which formed a 3D structure after dipping in the 
organic solvent. 
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2.3.5 Sandwich Structure to Compensate for Aberration 
 
The photo cross-linkable precursor was sandwiched between a top plate (e.g. a 
cover slip) and a bottom plate (or substrate) (e.g. a glass slide). The two plates were 
kept apart by spacers so as to eliminate the scanning error due to the shape of the 
droplet of the precursor material (Fig. 2.5). To achieve a more accurate z-axis 




    
Fig. 2.5. (A) Optical setup of the two-photon polymerization system. (B) Illustration 
of the surface refractive scanning error resulting from the shape of the droplet of 
precursor material. 
 
2.3.6 Devices to Trap and Analyze Cells 
 
Experiments on a bulk cell population in a petri dish provide average data from 
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important to biological research and drug screening, and has been listed as one of the 
“10 Emerging Technologies" by Technology Review [25].  
 
Research in life science is typically conducted under bulk conditions that are 
simple and well-established. However, under the same conditions, cells often display 
a range of behaviors due to, for example, lack of synchronization among cells. 
 
In order to achieve statistical relevance, typically over a thousand cells are used 
in each experiment. In contrast, cell-cell and cell-surface interactions can be studied in 
detail in SCA. Most cells need to interact with surfaces and neighboring cells to 
function properly, and would exhibit deviating behaviors in the absence of such 
interactions. SCA can provide valuable information on the behaviors of individually 
treated cells, elucidating intracellular processes usually hidden in large populations, 
cell-cycle influence, cell communication, as well as cell-surface interactions. 
 
2.3.7 Automation of Scanning and Array Functions 
 
The critical step in analyzing single cells was to anchor the cells in situ. We have 
developed a 3D lithography system that allows for the fabrication of a submicron 
polymeric device on a normal cell culture plate to separate and trap single cells 
mechanically. No additional optical beam, electric field or mineral oil was required, 
unlike the conventional SCA manipulating tools, such as laser tweezer, 
dielectrophoresis or microfluidic droplet array. The material used was non-
immunogenic, and compatible with the process of single-cell reverse transcriptase-
polymerase chain reaction (RT-PCR) and sequencing. 
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Arbitrary 3D devices could be fabricated with a resolution up to 300 nm by 
layer-by-layer scanning via a two-photon absorption (TPA) process. A fully 
automated array function provided a higher fabrication throughput. The total scanning 
area was scalable, up to an area of 10 cm × 10 cm. A device of 120 µm × 120 µm × 
120 µm has been designed to trap 1–7 hepatocytes for SCA, so that cell-cell 
interactions could be examined in detail.  
 
Polymer-based devices provided a cell friendly platform without any residual 
metallic or semiconductor materials that may compromise the cell culture. Our laser 
system could scan and produce 3D polymeric devices from regular 3D CAD drawing. 
The motion control driver could repeat the same scan to form a larger scaffold. The 
process flow is illustrated in Fig. 2.6. 
 
 
Fig. 2.6. Process flow of the automation of our two-photon stereolithography system. 
 
CAD Drawing Stereolithography Scanning Laser Controller
Motion Control InterfaceArray Function Interface3D Devices 
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The array function was programmed to build progressive scanning devices, 
which created an array of the selected objects, whereby the count defined the number 
of copies to make for the x and y directions, and defined the distance and pitch 
between the copies. Figure 2.7 gives some examples of 3D devices that are fabricated 
with our two-photon stereolithography system. 
   
Fig. 2.7. SEM images of 3D devices attained by scanning in an array format. 
 
2.4 Results and Discussion 
 
2.4.1 Submicron Resolution of Two-Photon Stereolithography 
 
Two-photon polymerization provides for high spatial resolution (Fig. 2.8). In 
every plane, the laser was focused via an objective onto a droplet of monomer such 
that polymerization was spatially confined to the focal point.  
     
   
  
Fig. 2.8. SEM images of (A) cross section, (B) top view, and (C) side view of the 
designed 3D devices. Scale bar = 10 μm. 
A                    B       C
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The resolution of polymerization depended on the scanning speed and the laser 
power. High scanning speed allowed 3D structures to be produced efficiently, but the 
average effective power was lower. 
 
The pump power was fixed at 1.88 ± 0.02 W with a wavelength of 720 nm, so 
that the resolution was solely determined by the scanning speed. To determine the 
maximum laser scanning speed at which polymerization would still occur efficiently, 
we examined the polymerization created by a thin scanning line (see Fig. 2.9(A)). The 
two-photon polymerization occurred in an ellipsoidal volume centered on the laser 
focal point [26]. Different scanning speeds created different surface roughness. The 
surface roughness could be smoothened by wobbling the structure in the plane at a 
small amplitude. To create a solid structure, the distance between neighboring 
scanning paths must be at most the size of the polymerization volume. For a 
microscopic objective with a numerical aperture of 0.40, this size is ~ 1 μm. 
 
The scaffold has a few well-separated single scanning lines on the top. The 
separation between the neighboring paths was 100 μm. They were supported by a 2−3 
μm-thick layer of polymer below to prevent them from sticking together by hydraulic 
force. The features were scanned at 14 mm/s and wobbled at 1 μm. The top of the 
scaffolds was supported by four columns. Together they sit on a base, which was 
scanned at a low speed (2 mm/s) and wobbled at 1 μm to provide better adhesion 
between the glass and the scaffold. The thin line could be fabricated unbroken as 
shown in Fig. 2.9(B). The same settings were used to fabricate a pattern mimicking 
liver lobule pattern (Figs. 2.9(C) (D)), with a minimum resolution of 1 μm. 
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Fig. 2.9. SEM images of an array of devices fabricated by two-photon polymerization. 
(A) Characterization of thin scanning lines. (B) High-magnification image to show the 
dimension of each line. (C) A micropattern mimicking the liver lobule. (D) High-
magnification image of (C). 
 
2.4.2 Planar Correction of Laser Beam Scanning 
 
Air lens, instead of oil lens, was selected to minimize the oil contamination of 
the sample and system. Oil droplet would limit the scan height of the device. To 
compensate for the lower numerical aperture of the objective, laser pulse of a higher 
power was employed. The system was designed to replace the microscope objective 
lens with optical elements of a larger diameter. This would help to increase the 
numerical aperture of the optical setup, as well as the field of view of the scanned 
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could be compensated with the on-the-fly focusing module. Correction tables to 
compensate plane distortion could be estimated with a simulation program, such as 
ZEMAX. An example of the estimated planar distortion was simulated by using the 
parameters listed in Table 2.3, and the results are shown in Figs. 2.10 and 2.11. 
 
Table. 2.3. Parameters for ZEMAX simulation. 
 
Type of the laser High-power pulse laser (Mai Tai) 
Wavelength 700–1000 nm 
Output beam diameter from 
the laser < 2 mm at 1/e
2 
Full far-field divergence angle < 1 mrad 
Operation mode of the laser 
(pulsed / CW) 
pulsed (average power > 2.5 W, 
peak power > 310 kW) 
Pulse repetition rate 80 MHz 
Pulse width < 100 fs 
Maximum average power > 2.5 W 
 
   
Fig. 2.10. The results of ray tracing at the (A) edge field and (B) center field, showing 
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Fig. 2.11. Simulation of optical ray tracing: (A) scanning at one edge point (+5), (B) 
scanning at center point (0), and (C) scanning at an opposite edge point (-5). 
 
Incident laser beams from different angles were focused in different focal planes. 
The focal plane difference between the center beam and the edge beam is termed 
optical path difference (OPD). Different scanning angles would result in different 
OPDs as illustrated in Figs 2.12(A) and (B), given by 
sin DOPD  .                    Eq. 2.3 
where D  is the distance from the focal point, and   is the laser beam scanning angle. 
 
Our experimental scanning results showed the same aberration as illustrated in 
Fig. 2.12(C). The designed pillar array has an obvious up-facing curve. This 
aberration could be overcome by using a tunable lens in Z axis to eliminate the 
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Fig. 2.12. (A) Illustration of focal plane difference at different laser beam incident 
angles. (B) OPD is related to the distance from the focal point D , and the laser beam 
scanning angle  . (C) SEM image showing planar aberration. 
 
To compensate for planar aberration to mimic cellular microenvironment 
biologically, a planar corrector, which is an optical system for fast and precise 
variation of the focal length, was employed. It adjusted the focal lengths for different 
working distances, and provided the possibility of changing the focus diameter via 
controlled defocusing. The device consisted of a linear motor with dispersion optics, 
an objective carrier, and an adjustable objective. The dispersion lens moved along the 
optical axis, and thus modified the focal length of the overall system. Moving the 
expander lens with a motorized translator introduced a change in the distance between 
the expander lens and the focusing lens. When the distance became larger or smaller, 
the focusing spot size would become larger. However, if we move the working plane 
up or down, we would still obtain the optimal spot size. 
 
2.4.3 Optimization of Surface Adhesion 
 
The droplet of monomer was deposited on a glass slide to fabricate an array of 
scaffolds. The resulting polymer would be attached to the glass if the laser intensity 
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an organic solvent. The unexposed polymer would be dissolved within a few minutes. 
The glass slide was then removed from the solution and dried naturally. 
 
The two challenges were (1) to design feasible scaffolds that would withstand the 
hydraulic force during the development, and (2) to find the focal plane of the laser. It 
was found that most of the time the arrays became disordered while they were being 
dried (see Fig. 2.13). When acetone and ethanol evaporated, the drag force pulled on 
the scaffolds, causing them to slide and become disordered. Sometimes the scaffolds 
were flipped over or washed away. If the adhesion between the glass and the polymer 
was weak, all of the scaffolds might be washed away in this process. 
 
Finding the correct focal plane was essential to determine the resolution of the 
system, to strengthen the adhesion at the glass-polymer interface, and to preserve the 
structure of the scaffolds. In the current setup, the scanning began at the glass-
polymer interface and fabricated the scaffolds from bottom-up. Since most scaffolds 
were designed with dimensions of < 100 μm, positioning of the glass-polymer 
interface that was determined within 5 μm would produce good glass-polymer 
adhesion. Typically, glass-polymer interface could be found by starting the scanning 
somewhere near the glass slide and looking for the first occurrence of polymerization. 
Since the glass slide was ~ 150 μm in thickness, the glass-polymer interface was 
found by scanning a scaffold of 500 μm-thick. Next, the starting position was re-
adjusted. The interface could usually be found after a few re-adjustments. After the 
focal plane was chosen, a small part of the glass wafer was cut out and used as the 
substrate to minimize problems associated with the variability in the glass slide 
thickness. 





Fig. 2.13. (A, B) Laser-scanned scaffolds became disordered during drying. (C, D) 
High-magnification images of the disordered devices in (A, B). 
 
 
2.4.4 Solvent Removal of Unpolymerized Materials 
 
The experiments were designed to select the type of developer for removing the 
unpolymerized material after laser scanning. The developer must be suitable for most 
of the common substrates, and be compatible with the cell culture process. Human 
renal proximal tubular cells (HPTCs) were used to test the cell culture compatibility 
of the polymer surface treated with acetone, ethanol, methanol and isopropanol (IPA). 
These four organic solvent all showed positive cell culture results (see Fig. 2.14). The 
samples were verified by MTS assay for quantitative analyses (see Fig. 2.15). A 
higher MTS absorbance signal would signify that more cells were attached to the 
A B
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substrate. The results showed that polymer treated with IPA was less compatible with 
HPTCs than that treated with acetone, ethanol and methanol. 
 
Acetone was typically used as a strong developer in our experiments, but it is 
caustic to plastic culture plates. The entire polymer film could be peeled off from the 
substrate treated with methanol. In contrast, ethanol could remove the monomer 
efficiently, and ethanol-treated polymer could maintain effective cell culture. 
 
 
Fig. 2.14. HPTC cultures on the polymers that were treated with different organic 
solvents. Scale bar = 200 μm. 
Ethanol Acetone 
IPA Methanol 
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Fig. 2.15. Absorbance of MTS assay to determine the cell adhesion of polymers that 




The excitation power of the two-photon laser decreases with the square of the 
distance from the lens focal point. Therefore, local polymerization is possible for the 
TPE system, which can be applied to the fabrication of 3D microstructures. Our 
TPLSP system exhibits faster scan speed, larger scan volume and automatic planarity 
control compared to the existing systems. Planar correction has been optimized by 
ZEMAX ray tracing simulation. To compensate for aberration, the photo cross-
linkable precursor was sandwiched between two glass slides. Microstructures have 
been designed and fabricated in a single cell array format, to trap hepatocytes for 
study of cell-cell interactions. Ethanol was identified as the best solvent to remove 
unpolymerized materials efficiently, to maintain good viability of the cells in 
subsequent culture.   
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To realize the promise of tissue engineering, 3D and clinically relevant tissue 
scaffolds should provide the necessary degrees of resolution and complexity to 
spatially define both cells and biomolecules. Such spatial definition is especially 
critical for the engineering of complex organs, such as kidney and liver. Besides 
enabling cells to be cultured with well-defined spatial relationships, a scaffold with 
controlled pore interconnectivity would also provide good mass transfer 
characteristics, which is essential for good cell viability and function. 
 
In general, intercellular communication and interactions are necessary to achieve 
proper cell and tissue function. For example, it has been shown that co-cultures of 
hepatocytes with a second non-parenchymal cell type enable the hepatocytes to 
maintain higher levels of liver-specific function [1]. The effect of cell interactions 
may be due to direct cell-to-cell contact, or mediated by paracrine factors, such as 
growth factors and cytokines that are secreted by the cells. Scaffolds obtained by 
solvent casting, porogen leaching or lyophilization suffer from the lack of control 
over parameters, such as interconnectivity and pore geometry, which are dependent 
on the fabrication process. The heterogeneity of the pore geometry in turn results in 
poor-defined cellular distributions, interactions and mass transfer characteristics. Thus, 
it would be difficult to further develop such scaffolds to refine the tissue architecture 
of the cells and produce a higher level of functionality. 
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Considering all the shortcomings inherent in scaffold technologies based on 
physical processes, much attention has been devoted to microfabrication technologies 
to achieve scaffolds with the required degree of resolution to control cell-cell 
interactions. The microfabrication methods that have been investigated include 
microelectrodeposition, soft lithography and microsyringe deposition [2-6]. In general, 
these are approaches that involve the build-up of micropatterned layers in the vertical 
(z) direction. TPLSP presents an alternative to these layer-by-layer methods. 
 
For two-photon excitation, a molecule must absorb two or more photons 
simultaneously to reach the excited state. The high intensity required for excitation 
can be achieved by using a pulsed laser emitting photons at half of the energy 
required for excitation. As the laser focal point is the only location along the optical 
path where the two-photon excitation occurs, photoreactive processes, such as 
polymer cross-linking, can be confined to the microscaled focal volume. In the field 
of tissue engineering, TPLSP has been used to fabricate micropatterns of 
biomolecules for the purpose of guiding cell migration within 3D polyethylene glycol 
(PEG)-based hydrogels [7], and to fabricate cross-linked ECM microstructures [8]. 
 
In this chapter, we aim to exploit the advantages of TPLSP with respect to 
microfabrication, i.e. its high fidelity and resolution, but adopt an alternative approach 
of creating solid and porous scaffolds that are amenable to cell seeding. Specifically, 
this work aims to develop TPLSP as a method to produce porous microstructured 
scaffolds as a 3D cell culture system for tissue engineering and medical device 
applications. A commercially available photocurable polymer was investigated as the 
material for free-form fabrication of scaffolds by TPLSP. The resulting scaffold 
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material was seeded with primary hepatocytes and assayed for liver-specific functions, 
and compared to monolayer controls. 
 
3.2 State of the Art 
 
Since rapid prototyping technology was invented, it has become an important 
tool in several industrial applications of mechanical and electrical fabrications. There 
has recently been increasing attention on its potential in the biomedical sector, 
particularly in tissue engineering and regenerative medicine applications. 
 
Cell printing and cell sheet technologies (see Fig. 3.1) are able to reconstruct 
tissues with higher cell viability and cellular functions because interactions among 
cells can be well defined [9, 10]. Better cellular function can be obtained with these 
techniques as compared to cells in conventional suspension culture or those cultured 
in ECMs such as Matrigel™. However, these sandwich and patterned structures are 
often lacking in providing mechanical support to the microenvironments. Medium and 
oxygen supply cannot diffuse and access the interior of the tissue block. For example, 
hepatic cell sheets are limited to a maximum of 6 layers, which works out to ~ 150 
µm in thickness [11]. 
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Fig. 3.1. Methods of sandwich and patterned structures by cell sheet technology [12]. 
 
Using a stereolithography system, we have fabricated a miniaturized polymer 
scaffold for hepatic tissue engineering. Arbitrary physical scaffolds can be scanned 
and printed slice-by-slice with good fidelity and reproducibility. Using this 
technology, we have mimicked the 3D liver cell architecture as observed in vivo, 
producing the basic square unit of a liver lobule. With the overall aim of improving 
hepatocyte function, we have designed a 3D scaffold to potentially overcome 
limitations on plasma exchange between engineered tissues and the general 
circulation, and to promote cell-cell interactions between hepatocytes. 
 
Our bottom-up approach where smaller functional liver units could be assembled 
to form the larger tissue solves the problem of cell seeding and distribution. 
Additionally, the design of the scaffold can include channels and pores that overcome 
the issue of limited thickness, which is normally up to 100–200 μm only. A higher 
resolution in fabrication also offers a higher degree of cell manipulation and control in 
three dimensions, which is important to induce cells to perform the correct functions. 
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3.3 Experimental Methods 
 
3.3.1 Fabrication of 3D Scaffolds by Two-Photon Laser Scanning 
 
 
The photocurable polymer (Accura™ SI10) was obtained from 3D Systems 
(Rock Hill, SC, USA). The desired scaffold was designed using computer-aided 
design (CAD) software (Fig. 3.2), and generated in a stereolithography system with a 
galvanometric mirror scanner (Scanlabs, Munich, Germany). An isolator was placed 
in front of the laser aperture to prevent the reflected laser light from returning to the 
laser cavity. An AOM served as a high-speed shutter for the system. The beam 
expander (Scanlabs, Munich, Germany) acted as the on-the-fly focusing module to 
automatically correct for any planar distortion. Axial control of the scanned structures 
was provided by a high-resolution elevation stage (Newport, Irvine, CA, USA) that 
stepped with each slice of exposure. Localized polymerization would occur on the 
laser spot. The structures were built layer-by-layer through a laser scanning process. 
The device was developed for 1 h in acetone and rinsed with isopropanol. UV-Vis 
spectra of polymerized and non-polymerized samples were acquired by an Agilent 
8453 UV-Visible Spectrophotometer (Santa Clara, CA, USA). 
 
Fig. 3.2. CAD of a 3D microstructured scaffold (2.5 mm × 2.5 mm × 2.5 mm) used in 
this study.  
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3.3.2 Primary Rat Hepatocyte Isolation and Cell Culture 
 
Primary hepatocytes were harvested from 7–8 weeks old male Wistar rats 
weighing 250–300 g by a two-step in situ collagenase perfusion method. The animals 
were handled according to the IACUC protocol. Viability of the hepatocytes was 
determined to be > 90% by Trypan Blue exclusion assay (Invitrogen, Carlsbad, CA, 
USA). Freshly isolated hepatocytes were seeded onto collagen-coated substrates at a 
density of 2×105 cells/cm2 in a 24-well plate (3.5×105 cells/well), and cultured in 
Hepatozyme (Invitrogen, Carlsbad, CA, USA) supplemented with 0.1 µM of 
dexamethasone (Sigma, St. Louis, MO, USA), 100 units/mL of penicillin and 100 
µg/mL of streptomycin (Invitrogen, Carlsbad, CA, USA). Cells were incubated with 
5% of CO2 at 37°C and 95% humidity for 24 h. 
 
For the hepatocyte culture, 3D scaffolds were fabricated as a cube of 2.5 mm × 
2.5 mm × 2.5 mm with a pitch size of 250 μm, and coated with Type I collagen. A 40 
µm Nylon Cell Strainer membrane (BD Falcon, San Jose, CA, USA) was glued (Dow 
Corning, Midland, MI, USA) to 5 sides of the cube to create a capillary force to 
encapsulate the hepatocytes homogeneously in the scaffold, as well as to allow 
medium and waste exchange. 4×106 hepatocytes were seeded onto the 3D scaffold via 
the uncovered side of the cube. The cell-seeded scaffold was then placed on a rotator 
(Biosan Laboratories, Warren, MI, USA) in an incubator overnight to enhance 
homogeneous cell seeding. 
 
To prepare a monolayer control for the hepatocyte culture experiment, 2D 
polymeric substrates were prepared by coating a photopolymer (Accura™ SI10) on 
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Nunc-treated 24-well cell culture plates (Thermo Fisher Scientific, Waltham, MA, 
USA). The monomers were polymerized with a 600W UV irradiator (Newport, Irvine, 
CA, USA) for 30 min. 70% ethanol and isopropanol were used overnight to sterilize 
the coated polymer and remove photochemical waste. Each substrate was washed at 
least three times with 1000 μL of 1× phosphate buffered saline (PBS). 200 μL of 1.5 
mg/mL of Type I collagen was coated on the polymer for 4 h before aspiration. 4×106 
hepatocytes were seeded onto each 2D polymeric substrate, and the plates were 
placed in the incubator for further culture. 
 
To assess the viability and distribution of cells seeded on the scaffold, HepG2, a 
liver cancer cell line with green fluorescence protein (GFP), was seeded on the 
scaffold. The scaffold was transplanted to a cell culture plate after 4 h of cell seeding, 
and cultured for 7 days in Dulbecco’s modified eagle medium (DMEM) 
supplemented with 10% of fetal bovine serum (FBS) and 1% of penicillin-
streptomycin (PS). 
 
HepG2 morphology was observed under a LSM 5 DUO inverted confocal 
microscope (Zeiss, Jena, Germany). Cell viability was determined qualitatively using 
a fluorescence microscope (Olympus, IX71) by emission of green fluorescence at an 
excitation wavelength of 395 nm. Stereo-projection of the confocal images was 
observed slice-by-slice at a step of 20 µm for 64 slices in total, using the LSM 5 DUO 
inverted confocal microscope. 
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3.3.3 Assays of Liver-Specific Function 
 
1 mL and 4 mL of Hepatozyme were collected for the quantification of albumin 
levels in 2D culture and 3D scaffold, respectively. 500 μL and 4 mL of 5 mM of 
NH4Cl were added to each well of the 2D culture and 3D scaffold, respectively, and 
incubated for 90 min for the urea assay. Culture medium was assayed for albumin and 
urea secretion. The albumin production of hepatocytes was measured every 24 h using 
the rat albumin enzyme-linked immunosorbent assay (ELISA) quantitation kit (Bethyl 
Laboratories, Inc., Montgomery, TX, USA). The urea level of hepatocytes incubated 
with 5 mM of NH4Cl was measured using the urea nitrogen kit (Stanbio Laboratory, 
Boerne, TX, USA). Albumin absorbance and urea absorbance were measured at 450 
nm and 520 nm, respectively, with a microplate reader (Tecan Safire, Männedorf, 
Switzerland). Concentration values were normalized against the nutrient medium 
volume and the number of seeded cells. Immunofluorescence was used to 
qualitatively demonstrate hepatocyte viability and function. DAPI (Invitrogen, 
Carlsbad, CA, USA), Texas Red (Invitrogen, Carlsbad, CA, USA) and FITC (Abcam, 
Cambridge, MA, USA) were used to stain the nuclei, fibronectin and albumin of the 
hepatocytes, respectively. Image J (National Institute of Health, USA) was used to 
superimpose the images. 
 
3.3.4 Statistics and Data Analyses 
 
All data were presented as mean ± standard error of the mean (SEM). Statistical 
significance was evaluated using the t-test, with the significance level set at p < 0.05. 
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3.4 Results and Discussion 
 
3.4.1 Material Properties 
 
The SI10 photopolymer was characterized by UV-Vis spectroscopy (Fig. 3.3). 
Absorbance of the liquid monomer in the visible wavelength (400–700 nm) was 
negligible with reference to the control (an empty cuvette). After polymerization, the 
absorbance of the solid polymer was still negligible, rendering the entire device 
almost transparent and easy to observe with a fluorescence microscope. 
 
 
Fig. 3.3. Absorbance spectra of SI10 photopolymers. The polymer is almost 
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3.4.2 Capability to Fabricate Arbitrary Polymeric Nanodevices 
 
Our TPLSP system demonstrated excellent fabrication of microstructures with 
feature resolution in the micron or submicron range (see examples in Fig. 3.4). The 
fabrication time for the 2.5 mm × 2.5 mm × 2.5 mm cubic scaffold depicted in Fig. 




Fig. 3.4. 3D microstructures fabricated by TPLSP: (A) side view and (B) top view. 
 
3.4.3 Capability to Trap Cells for 3D Cell Culturing in Polymeric Devices 
 
A miniaturized 7-seat microdevice was designed to demonstrate that cells could 
be seeded and trapped in microstructures. The microstructures were fabricated by 
TPLSP with the use of a photopolymer mixture. The polymerization only occurred on 
the laser focal plane with strong two-photon absorption. 3D structures were formed 
layer-by-layer, while the laser spot was moved according to the design and drawing. 
Pre-designed 3D devices were fabricated in a few minutes to achieve a maximum 
resolution of less than 1 µm (Figs. 3.5(A, B)).  
 
A       B
National University of Singapore 46
The microdevice was designed to pattern hepatocytes in 3D, as well as to provide 
controlled distance for cell-cell interactions and side channels for better exchange of 
cellular secretion. Cell filling efficiency was over 95% (Fig. 3.5(C)). The excess cells 
on the glass substrate could be removed by media wash. 
 
Immunofluorescence staining on actin and albumin expression was used to 
confirm the cellular functions, behavior and viability within the fabricated 
microstructures (Fig. 3.6). It was demonstrated that hepatocytes could be seeded in 
3D format in our devices to attach and maintain their liver-specific function, as 
reflected by albumin expression. 
 
 
Fig. 3.5. (A) An array of microstructures designed for 3D cell patterning. (B) Side 
view of the microdevice. (C) Hepatocytes were seeded into the designed wells in a 
single cell format with a filling efficiency of over 95%. 
 
 
Fig. 3.6. Immunofluorescence labeling showed the viability and function of 
hepatocyes cultured within the 3D microstructures. Actin and albumin expressions 
were stained with (A) rhodamine-phalloidin and (B) fluorescein isothiocyanate 
(FITC), respectively. (C) The combined bright-field and fluorescence images. 
A B C 
A B C 
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3.4.4 Material Biocompatibility 
 
HepG2 with GFP was used to test the biocompatibility of polymeric 3D scaffold. 
Scaffold was transplanted to a cell culture plate after 4 h of cell seeding and cultured 7 
days in DMEM supplemented with 10% FBS and 1% PS. HepG2 morphology was 
observed under a confocal microscope. HepG2 cells were attached and proliferated 
well on the surface of the 3D scaffold. Cells were distributed according to the 
topography of the structure (Fig. 3.7). 
 
  
                         
Fig. 3.7. Fluorescence image of HepG2 with GFP attached onto the grafted 3D 
polymeric scaffold at (A) lower and (B) higher magnifications. 
 
3.4.5 Dynamic Cell Seeding in 3D 
 
Cell culture in three dimensions is currently achievable through the use of 
biocompatible polymeric scaffolds. Cell seeding is the first step in constructing 3D 
tissue-like structures, and it is known that cell seeding into scaffolds at a high density 
is closely associated with the enhancement of tissue formation in 3D constructs. 
However, cells cannot be seeded in 3D scaffolds homogeneously with the 
conventional top-down seeding method. In the latter method, cells would naturally 
B A 
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sediment and attach to the lowest substrate due to gravitational force, while hardly 
attaching to the side wall and top layer of the meshed polymeric scaffolds. A spheroid 
approach [13, 14] has been used to seed cells in larger fibrous polyglycolic acid 
scaffolds, but this could not be applied to a smaller scale. Guiding stirred, floating 
cells to penetrate the small voids of the polymeric scaffolds has also been a challenge. 
 
In our method, a high density of cells was first seeded onto a scaffold trapped in 
a small well. The scaffold and well were then rotated by 90° and shaken for 10 min 
using a mini rocker (MR-1, Biosan). The process was then repeated every hour for 5 h. 
This process successfully facilitated cell seeding into the internal regions of the 
scaffold. The cell-seeding efficiency was significantly higher in all 3D scaffolds, as 
compared to those subjected to conventional cell seeding. Confocal image of the 
stereo-projection was observed slice-by-slice at a step of 20 µm for 64 slices in total, 
showing a homogeneous cell distribution in the 3D scaffold (Fig. 3.8). 
 
 
Fig. 3.8. Confocal image of the 3D scaffold with HepG2 cells homogeneously seeded 
into the deeper regions of the scaffold. Scale bar = 200 μm. 
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3.4.6 Albumin Expression from Hepatocytes in Biomimetic Scaffolds 
 
Primary hepatocytes cultured on the 3D microstructured scaffolds were shown to 
be viable and functioning on Day 4 of culture as determined qualitatively by 
immunofluorescence staining, whereby albumin and fibronectin were shown to be 
expressed (Fig. 3.9). For a more quantitative measure of liver-specific function, the 
supernatant albumin and urea concentrations of primary hepatocyte cultures for both 
the 3D scaffolds and 2D polymeric substrate controls were used as surrogate markers 




Fig. 3.9. Immunofluorescence labeling of hepatocyes cultured within the 3D 
polymeric scaffold on Day 4. Hepatocytes were detached from the scaffolds and 
placed on a glass slide prior to staining. Nuclei, albumin and fibronectin were 
stained with DAPI, FITC and Texas Red, respectively.  
 
3.4.7 Maintenance of Liver-Specific Functions of Albumin and Urea 
 
Similar initial levels of albumin and urea on Day 1 among the experimental sets 
indicated that the hepatocytes started off on an equal footing with respect to function 
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(Fig. 3.10). As the experiment progressed (for Days 2–6 and Days 4–6, respectively), 
the levels of albumin and urea became significantly lower for the 2D substrate as 
compared to the 3D microstructured scaffold (p < 0.05). 
 
 
Fig. 3.10. Liver-specific functions of hepatocytes cultured within 3D microstructured 
scaffolds and on 2D polymeric substrates, as assessed by (A) albumin secretion and 
(B) urea synthesis over a 6-day culture period (*p < 0.05).  
A 
B 
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3.4.8 Discussion 
 
Two-photon polymerization was first demonstrated by Kawata et al. in 1997 [15]. 
The clear advantage of two-photon polymerization as compared to the one-photon 
case is the ability for volume polymerization. This has enabled the fabrication of 
various 3D objects, which has quickly found applications in the areas of exotic optical 
structures and nano-electromechanical systems (NEMS) [16]. A promising area of 
application of two-photon photolithography is tissue engineering. A central paradigm 
of most tissue engineering approaches is the provision of a scaffold/template upon 
which cells may adhere and grow, and which guides the process of tissue regeneration. 
In this respect, the obvious advantage of two-photon photolithography over other 
scaffold-forming approaches is the ability to create scaffolds of the required 
dimension and design with high reproducibility and fidelity. However, two-photon 
photolithography has not been directly applied to scaffold-based tissue engineering 
due to certain drawbacks and technological limitations of the existing systems. 
 
We have made certain modifications to our system in order to realize its potential 
to fabricate biomedical devices and tissue engineering scaffolds. Firstly, in contrast to 
the use of oil lens in existing devices, our system employs an air lens, which avoids 
the possibility of oil contaminating the sample and the system. Secondly, the oil 
droplet in the existing devices also places a limit on the scan height of the device (~ 1 
mm + focal length of the objective), whereas our system allows for a scan height of 
30 mm, leading to a greater scan volume. While the scan resolution is comparable to 
existing systems (100 nm), our scan speed (30 mm/s) is superior to those reported in 
the literature [17]. Having achieved a system performance that provides for practical 
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fabrication of tissue engineering scaffolds, relevant 3D structures of various designs 
have been attained (Fig. 3.4). 
 
This study aimed to demonstrate the utility of a miniaturized 3D structure 
fabricated by two-photon photolithography as a tissue engineering scaffold. One focus 
of our efforts was to engineer liver tissues with functionality that would be useful as a 
therapy for end-stage liver disease or liver failure. With the final goal of mimicking 
the layered architecture and interconnectivity of hepatocytes as observed in vivo [18], 
we decided on a simplified and miniaturized scaffold as a starting point. As a proof of 
concept, we designed a cubic microstructured 3D scaffold for hepatocyte culture to 
investigate whether these scaffolds could provide anchorage to primary hepatocytes, 
while maintaining their differentiated liver-specific functions. The 3D cubic scaffold 
was evaluated in comparison to hepatocyte monoculture on a 2D substrate composed 
of the same polymer. 
 
As hepatocytes are anchorage-dependent cells, it was important to ensure good 
cell adhesion as a prerequisite to functionality. Although the polymer itself supported 
cell attachment, both 3D and 2D substrates were coated with collagen Type I to 
further enhance cell adhesion. To seed the hepatocytes, a Nylon cell filtration 
membrane was used to seal all sides of the cubic scaffold, but leave the top side open, 
through which the cells were introduced. Overnight rotation ensured that cells could 
settle and attach to all the inner surfaces of the scaffold. The effectiveness of the 
collagen coating as well as cell-seeding procedures was demonstrated by the 
uniformity of HepG2 cell distribution in the 3D scaffold (Fig. 3.7). Then, primary 
hepatocytes were cultured within the scaffolds. Having established viability and 
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functionality of the cells qualitatively by immunofluorescence on Day 4 of culture 
(Fig. 3.9), a further set of cultures was subjected to albumin and urea assays to 
provide a quantitative measure of liver-specific function over 6 days. 
 
In the 2D monoculture controls, there was a significant decrease in functionality 
of hepatocytes from Day 1 to Day 2, an observation that confirmed the findings of the 
published literature [19, 20]. Monolayer culture is favored in the industrial setting due 
to the high efficiency of nutrient transport by the medium [21-23]. However, the 
absence of appropriate microenvironmental architecture, leading to the lack of cell-
cell communication, appeared to be detrimental to hepatocyte function. In contrast, 
for the 3D polymeric scaffolds, there was only a slight decrease in albumin and urea 
levels from Day 1 to Day 2, and the urea level was stabilized from Day 3 onwards 
(Fig. 3.10). 
 
By providing the right microenvironmental architecture to the cells, the 3D 
scaffold had helped to maintain the functionality of cells, while still providing 
efficient nutrient transport. For both 3D and 2D cultures, the reduction in albumin and 
urea levels between Day 1 and Day 2 could be due to unattached hepatocytes that 
were not completely removed by washing process after overnight seeding, thus 
contributing to the slightly higher levels on Day 1. 
 
The higher functionality of the hepatocytes cultured in the 3D scaffold as 
compared to the monoculture could be due to the presence of good homotypic cell-
cell contact [20] or the higher volume density of hepatocytes within the scaffold, 
which led to higher local concentrations of soluble factors that were important to 
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maintain the hepatocyte phenotype. As the seeding density of hepatocytes for both the 
3D scaffold and monolayer was high and above the threshold reported to promote 
cell-cell interactions and therefore liver-specific function [24], the difference in 
function could be attributed to the effect of soluble factors rather than cell-cell 
interactions. 
 
This work has demonstrated the value of TPLSP in the fabrication of 3D 
microstructured scaffolds, which provided a favorable microenvironment for the 
culture of cells, as exemplified by the maintenance of liver cell function. It also 
underlined the need to fabricate intricate and well-defined scaffolds for functional 
tissue engineering. Conventional lithography involving fabrication on a silicon chip is 
not suitable due to material incompatibility and the complexity of 3D fabrication. In 
contrast, TPLSP offers a convenient method by which arbitrary physical scaffolds can 
be printed slice-by-slice according to a digitized drawing. Therefore, the range of 
potential microstructures is limited only by imagination and rational design.  
 
While a commercially available photo-curable polymer has been employed for 
this study, other potentially more suitable polymers may be used to fabricate scaffolds 
with the same degrees of resolution and fidelity. These include bioresorbable 
polymers, and/or polymers with pendant functional groups that are either biologically 
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3.5 Summary 
 
We have developed TPLSP as a method to fabricate 3D microstructured 
scaffolds. Scaffolds can be derived with submicron resolution, high reproducibility 
and at a reasonably high speed, based on a digitized model. Primary hepatocytes 
cultured within a cubic microstructured scaffold maintained higher liver-specific 
functions over a period of 6 days, superior to hepatocytes cultured in a monolayer. 
This demonstrated the advantages of TPLSP-fabricated 3D scaffolds for tissue 
engineering. 
 
Future work includes further mimicking the in vivo architecture by improving 
the resolution of the fabrication process, which would be expected to yield improved 
and better maintained functionality. The ability to resolve scaffold structures in the 
submicron range would allow the creation of the hexagonal liver lobule unit, which 
might in turn lead to better organization of hepatocyte seeding. Besides offering 
therapeutic benefits to patients suffering from congenital metabolic liver disorders 
[25], our scaffold architecture could also be used in other tissue engineering 
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Scaffolding is an important aspect in tissue engineering, functioning as a 
structural support for cell attachment and proliferation, and leading ultimately to 
tissue development. There are many methods to create various types of scaffolds, 
ranging from solid porous scaffolds, decellularized ECM, cell sheets with ECM to 
self-assembled hydrogels for cell encapsulation [1]. 
 
There are limitations that hinder the application of 3D scaffolds obtained by 
using the conventional methods, one of which is the uneven and random distribution 
of the seeded cells [2]. This has stimulated research on the use of hydrogel polymers, 
which provide both structural support and high cell density. However, cell patterning 
within hydrogels involves other issues. For example, in 3D printing, the resolution of 
patterning is limited to the polymer particle size, and fabrication must be performed 
under stringent conditions (such as sterility, temperature and pH). Furthermore, the 
photo-patterning of cell-hydrogel hybrids exposes cells to UV light, which damages 
the DNA of the cells [3]. In addition, the microchannels used to grow cells are at a 
depth that renders nutrients diffusion inefficient, thus decreasing the cell viability [4]. 
 
To overcome these challenges in cell patterning for tissue-engineered grafts, we 
have developed TPLSP to polymerize a fibrinogen-cell mixture as 3D constructs. 
Various microstructures could be derived with CAD, such as SolidWorks. We 
demonstrated that photochemically cross-linked fibrin was compatible with 3D cell 
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culturing, degradable, and suitable for 3D polymerization by TPLSP. This material 
also promoted favorable cell proliferation within the scaffold. 
 
In this chapter, we presented a novel approach of seeding cells into a formulated 
photopolymer mixture, which could be fabricated into 3D structures by TPLSP. Cells 
were added to a photopolymer mixture before the polymerization process by TPLSP. 
This allowed for a homogeneous distribution of cells, which was then captured within 
the polymerized 3D scaffolds. 
 
TPLSP is capable of constructing pre-designed structures using the SolidWorks 
programme, making available ring-shape micropatterned 3D structures to mimic the 
histology of a typical blood vessel. This would allow multi-layers of smooth muscle 
cells (SMCs) to be cultured surrounding a monolayer of endothelial cells encapsulated 
within the microstructures. We would like to demonstrate the applications of the 
structures fabricated by TPLSP to guide and organize different cell types, and grow 
them in a directed manner, three-dimensionally. 
 
We also developed a novel method to seed a single cell inside an enclosed 
microdevice where the open window of the device was smaller than the dimensions of 
the seeded cell. The aim of the experiment was to illustrate the capability of TPLSP to 
fabricate 3D scaffold structures bottom-up with homogeneous cell density throughout 
the entire structure, and to place cells in the otherwise inaccessible pores within the 
structures. Such a capability was possible due to the biocompatibility of the 
photopolymer mixture, and the ability to premix cells with the cross-linkable gel prior 
to laser polymerization. 
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Another benefit of using TPLSP to fabricate 3D structures was that it was a 
simple and versatile technique that only required washing of unpolymerized regions 
to obtain the final polymerized structures designed with the computer programme. 
 
The photopolymer was characterized in terms of crosslinking ability, 
biodegradability and cell compatibility. Biodegradation study was performed to 
determine if that crosslinked fibrin would be degradable when treated with different 
concentrations of human plasmin. Biocompatibility test was conducted to illustrate 
that the photoinitiator and photocrosslinked polymer did not affect the viability of 
human umbilical vascular endothelial cells (HUVECs) and SMCs. 
 
HUVECs were added at high cell density to the photopolymer mixture for 
polymerization to a ring-shape fibrin structure via TPLSP. Live/Dead assay was 
applied to monitor the presence of live cells within the fibrin matrix during the period 
of culture. 
 
Controlled micropatterning and microencapsulation would allow for many 
applications that are not achievable by other means. The major applications of cell 
patterning include cell shape control, actin cytoskeleton, quantitative cell phenotyping, 
cell polarity and organelle positioning, toxicology studies, cell signaling, and cell 
division and orientation [5]. 
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4.2 State of the Art 
 
Tissue engineering research can be advanced with the development of more 
physiologically relevant 3D environment. A suitable scaffold should be fabricated at 
high resolution in three dimensions, and be of clinically relevant proportions. 
Moreover, the material should be biocompatible and biodegradable. 
 
Current technology, such as cell/gel printing, cannot provide high cell density 
and high resolution in cell grafting [6]. For silicon-based photolithography, the 
organic solvent and developer used are not compatible with cell growth, and silicon is 
not suitable for implantation [7]. Some polymeric materials are degradable, but lack 
the optimal ECM and microenvironment for cells to grow (Fig. 4.1). 
 
  
Fig. 4.1. Conventional technologies for tissue grafting: (A) cell/gel printing, (B) 
silicon-based scaffold, and (C) polymer-based scaffold. Scale bar = 20 μm. 
 
Cell micropatterning has been studied for applications in tissue engineering, cell-
based drug screening, fundamental cell biology studies [8], and analyses of 
mechanical interactions between cells and underlying substrates [9]. This is due to the 
capability of available micropatterning technologies to build microfabricated 
structures [10], and manipulate the locations of cells on a surface, cell shapes and 
areas of attachment [11]. These factors have been shown to be important in cell 
A     B          C 
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survival, proliferation, differentiation, migration and polarity, and cytokinesis [12]. 
However, there are some limitations posed by the prevailing methods. 
 
For instance, cell printing methods are time-consuming and unsuitable for 
various tissue culture applications [13]. While the applications of 
polydimethylsiloxane (PDMS) stencils are safe and clean, their use is confined to only 
a few types of micropatterned features since they require dimensional stability to 
ensure good reproducibility of the features [14]. They further require the stamps to be 
shaped to produce the desired micropatterns. The fabricated arrays would then need to 
be treated with proteins, such as collagen, to allow the attachment of cells, whenever a 
confluent coculture on the glass substrate is necessary. This method is exemplified by 
the work of Bhatia et al. [2], who have demonstrated the use of the micropatterning 
technique, particularly, the lithography masking method, through the adherence of 
hepatocytes on collagen-treated areas, and the adherence of fibroblasts on the non-
collagen-treated areas [15]. However, the co-culture is limited to two types of cells in 
a given study, and the organization of the cells is method-dependent. This work 
illustrates the importance of having dimensional accuracy of the structures, which 
would influence the cell functions.  
 
The development of cellular microenvironment has been demonstrated by a 
technique that attempts dynamic co-culture of embryonic stem (ES) cells with four 
other cell types [16]. The patterning of multiple proteins involves cumbersome 
multilayers of parylene-C stencils to allow the seeding of four cell types sequentially, 
with ES cells fixed at specified positions. Only two types of cells can be co-cultured 
simultaneously at each time. Moreover, the process requires the use of detergent to 
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prevent adhesion of layers, which adversely impacts cell adhesion, necessitating the 
addition of collagen to enhance cell adhesion. Nevertheless, this work presents the 
possibility of co-culturing more than two types of cells systematically, and having ES 
cells interact with four different cell types. The ES cells demonstrate good stability 
throughout the co-culture period.  
 
4.3 Experimental Methods 
 
4.3.1 Preparation of Crosslinkable Fibrinogen Mixture 
 
A photochemical crosslinking method was used to polymerize fibrinogen [17]. 
15 mg of fibrinogen powder (bovine, Type 1-S; Sigma Aldrich) was weighed in a 
tube. Sodium persulfate (SPS) (Sigma Aldrich) was freshly prepared as a stock 
solution of 0.5 M in PBS. The photoinitiator, ruthenium trisbipyridyl chloride 
([RuII(bpy)3]2+) (Sigma Aldrich), was prepared as a stock solution of 50 mM in tissue 
culture grade water. 2 µL of SPS from the stock solution was then diluted to a final 
working solution of 10 mM by adding 100 µL of PBS solution. 
 
The entire volume of the working solution was added to 15 mg of fibrinogen 
powder, giving a final fibrinogen solution concentration of 150 mg/mL. The mixture 
was vortexed until the fibrinogen powder was dissolved completely in the diluted SPS 
solution. The mixture was centrifuged, and 2 µL of [RuII(bpy)3]2+ solution was added 
just before the polymerization experiment. The resulting mixture was kept in the dark. 
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4.3.2 Biodegradability and Toxicity of Crosslinkable Fibrinogen 
 
Biodegradability test was conducted to examine the use of human plasmin to 
degrade fibrin over a period of 24 days. The supernatant of the crosslinked samples 
treated with plasmin was analyzed every 24 h for the presence of protein fragments to 
affirm the enzymatic effect of plasmin, as compared to a control treated with Tris-
buffer saline. The concentrations of human plasmin considered were based on the 
literature [18]. They were close to the physiological concentrations (~100–200 
μg/mL). 
 
Fibrinogen mixture containing 150 mg/mL of fibrinogen was prepared in bulk, 
and dispensed as 20-µL aliquots into Eppendorf tubes. The latter were left to be 
polymerized by visible light for ~ 5 min at room temperature. Human plasmin (Sigma 
Aldrich) was dissolved in tris(hydroxymethyl)aminomethane-buffered saline (pH 7.4) 
as a 500 μg/mL stock solution, and diluted to 0.1, 1.0, 10 and 50 μg/mL. 500 µL of 
plasmin solutions at different concentrations was added to separate tubes containing 
20 µL of photochemically crosslinked fibrinogen. 
 
Controls were prepared whereby 500 µL of Tris-buffered saline (instead of 
plasmin) was added to a tube with 20 µL of crosslinked fibrin. They were used to test 
for fibrin’s susceptibility to non-enzymatic hydrolysis in the buffer solution. All 
samples were incubated at 37ºC in a humidified atmosphere with 5% of CO2. The 
supernatant of each sample was pipetted out every 24 h over 24 days, and the protein 
concentration was analyzed with a Nanodrop 2000/2000C (ThermoScientific). 
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Figure 4.2 indicates that lower concentrations of plasmin (0.1 and 1.0 μg/mL) 
resulted in degradation profiles close to that of the control. In contrast, the higher 
concentrations of plasmin (10 and 50 μg/mL) degraded the fibrin enzymatically. 
 
 
Fig. 4.2. Degradation of crosslinked fibrin in media containing (◄) Tris buffer only 
(control), and (■) 0.1 µg/mL, (●) 1.0 µg/mL, (▲) 10 µg/mL and (▼) 50 µg/mL of 
plasmin over 24 days. 
 
Fibrin was prepared in bulk and introduced to the wells of a 6-well plate to 
provide a smooth fibrin coating prior to cell seeding. Live/Dead assay demonstrated 
the viability of HUVECs and SMCs seeded onto the fibrin surface (see Fig. 4.3). Cells 
that were stained green were live, while cells stained red were dead. Live cells were 
found to have attached and proliferated after 48 h on the fibrin surface, while dead 
cells were hardly present. 
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Fig. 4.3. Light microscopy images of (A, B) HUVECs and (C, D) SMCs seeded on 




Different concentrations of photoinitiator ranging from 0.5 to 5 mM were added 
to different wells of HUVECs and SMCs with similar cell densities. Controls were set 
up whereby no photoinitiator was added. The cells were cultured in the incubator for 
3 days before testing for cell viability. CellTiter 96 Aqueous One Solution Reagent 
was added to the cells treated with photoinitiator, and analysis was performed on the 
Safire2 microplate reader (Tecan). The latter provided the protein absorbance at 490 
nm by the cell samples. Protein absorbance close to that of the control would indicate 
good cell viability, while protein absorbance less than that of the control would 
signify poor cell viability. 
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Results from the cytotoxicity studies on HUVECs and SMCs (Fig. 4.4) 
suggested the safe range of photoinitiator concentrations (0.5–2.5 mM) for 
crosslinking the fibrin structures. Typically, a concentration of 1 mM was used in the 
crosslinking process. This study showed that photoinitiator concentrations > 3.5 mM 
and > 2.5 mM would reduce the viability of HUVECs and SMCs, respectively.  
 
Fig. 4.4. Effect of [RuII(bpy)3]2+ concentration on the viability of (●) SMC and (▲) 
HUVECs. Absorbance of the MTT assay was determined at 490 nm.  
 
4.3.3 Preparation of Cells Suspended in Fibrinogen Mixture 
 
Trypsinized HUVECs were centrifuged at 800 rpm for 1 min. The supernatant 
was removed, leaving only 50 µL, which was required to re-suspend the cells. The 
resuspended cell suspension, which contained a high density of cells, was added to 
100 µL of fibrinogen mixture (150 mg/mL of fibrinogen) in the dark room. 2 µL of 
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[RuII(bpy)3]2+ was added to the fibrinogen mixture in the dark room just before 
polymerization by TPLSP. 
 
The cells were suspended in the photopolymer mixture, and 8 µL of this cell 
mixture was added to a cover slip. It formed a droplet on the cover slip, and the cover 
slip was placed on a rectangular glass substrate. Two spacers with a height of 500 µm 
were adhered to the edges of the rectangular glass substrate such that when a top glass 
substrate was placed over the droplet, the height of the mixture was controlled to be 
500 µm. This “sandwich” of cell-photopolymer mixture was then placed on the stage 
for laser scanning. After scanning, the coverslip was immersed in PBS to wash away 
the unpolymerized materials. The remaining 3D microstructure on the coverslip was 
then immersed in cell culture media.  
 
4.3.4 One-Step Process to Fabricate Cell-Encapsulated Microdevices 
 
We have developed an effective method to produce 3D microstructured scaffolds 
encapsulating HUVECs in a one-step process (see Fig. 4.5). First, the fibrinogen 
mixture was prepared, followed by the addition of HUVECs at a high cell density. 
The cells were suspended in the fibrinogen mixture, and 8 µL of this cell mixture was 
added to a cover slip as a droplet. The cover slip with the droplet was placed on a 
rectangular glass substrate. Two spacers with a thickness of 500 µm were placed at 
the edges of the rectangular glass substrate such that when a top glass substrate was 
placed over the droplet, the height of the mixture was controlled to be 500 µm. This 
“sandwich” of cell-fibrinogen mixture was then placed on the laser platform for 
scanning. 




Fig. 4.5. Procedure of the one-step fabrication of 3D microdevices. 
 
 
4.3.5 Patterning of 3D Cell-encapsulated Scaffolds by TPLSP 
 
 
A droplet of 8 µL of fibrinogen mixture that contained HUVECs was placed 
under a microscope (Olympus X61) for TPLSP. The desired structure was designed 
using SolidWorks, and generated in a stereolithography system with a galvanometric 
mirror scanner (Scanlabs, Munich, Germany). Axial control of the scanned structures 
was provided by a high-resolution elevation stage (Newport, Irvine, CA, USA) that 
stepped with each slice of exposure. Localized polymerization would occur on the 
laser spot. The structures were built layer-by-layer through a laser scanning process. 
The device was developed in cell culture media for 5 min. 
 
4.3.6 Cell Culture of HUVECs within Fibrinogen Scaffolds 
 
HUVECs (CRL-2873TM) thawed from cryopreservation were cultured in 
Endogro Supplement medium kit (Millipore) supplemented with 1% penicillin 
streptomycin. Cells were recovered from tissue culture dishes/T25 flask with 0.05% 
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passaged at 1/5 confluency. All cells were incubated at 37ºC in a humidified 
atmosphere with 5% CO2.  
 
4.4 Results and Discussion 
 
4.4.1 Cell Viability in 3D Structures after Laser Scanning 
 
Virtually all the cells remained viable after 5 days of culture within the 
photocrosslinked fibrin scaffold, indicating that the infra-red laser used to scan the 
fibrin gels did not result in cell damage. The Live/Dead viability assay confirmed the 
real-time inspection of cells scanned by the laser. The fact that cells were able to 
spread vigorously within the scaffold also validated that the photopolymer 
composition used (100:1:1) allowed for the healthy proliferation of cells. The final 
ring-shape scaffold not only defined the location of the cells in a well-distributed 
manner, but also served to guide HUVECs to grow into confluent layers of 
endothelial cells on the inner and outer boundaries of the ring.  
 
Live cells were observed to be growing along the shape of the scaffold. A few 
red spots were observed, which indicated the possibility of dead cells detected by the 
ethidium homodimer-1 dye. However, when only the ethidium homodimer-1 dye 
from the Live/Dead assay kit was added to the fibrin construct without the presence 
of cells, the entire construct was stained red as shown in Fig. 4.6. This indicated that 
the fibrin construct absorbed the red dye and produced an auto-fluorescence.  
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Fig. 4.6. Light microscopy images of the fibrin constructs with cells stained with (A, 
C) the Live/Dead assay, and (B, D) only the ethidium homodimer-1 dye of the 
Live/Dead assay. Cells in the background represented those that were not washed 
away and remained attached onto the cover slip. (A) Images of four scanned devices 
on a cover slip showing rings of live cells grown on the fibrin constructs. (B) Image 
taken from the channel to view the ethidium homodimer-1 fluorescence in (A). The 
fibrin constructs displayed auto-fluorescence, giving the false appearance of a ring of 
dead cells. (C) Magnified image of (A) showing one of the constructs. (D) Image 
taken from the channel to view the ethidium homodimer-1 fluorescence in (C), 
showing the auto-fluorescence of the fibrin construct.  
 
4.4.2 Cell Encapsulation in 3D Fibrinogen Structures 
 
 TPLSP was applied to produce a 3D fibrin structure with a ring-like shape. The 
image in Fig. 4.7(A) portrays the scanning lines on the construct, which was dictated 
by the manner in which the laser beam scanned the photopolymer mixture. Since 
fibrinogen is water-soluble, unpolymerized fibrinogen from the cell mixture was next 
conveniently washed away by culture media or PBS, leaving behind the 3D scaffolds 
encapsulating HUVECs at a high cell density (Fig. 4.7(B)). 
 B   A 
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Live/Dead assay (Invitrogen) was employed to verify the viability of the cells 
grown in the fibrin constructs. After 24 h of culture, HUVECs in the fibrin were 
observed to attach quickly and spread along the boundaries of the constructs. 
 
Figure 4.7(C) showcases that one of the cells elongated along the inner ring of 
the scaffold after 24 h of culture.  HUVECs cultured within the 3D fibrin constructs 
remained viable after 5 days. Fig. 4.7(D) shows the fluorescent images (with 
Live/Dead assay) taken at a certain z-plane in the attempt to focus on the cells that 
proliferated in 3D. Confocal microscopy images validated that cells that were 
observed to be spreading around the construct grew and stacked over one another.  
 
 
Fig. 4.7. (A) Bright-field image of the fibrin construct. HUVECs encapsulated within 
the scaffold were slightly visible. The brown lines depict the way the laser beam 
scanned the fibrinogen mixture. Light microscopy images of HUVECs in the fibrin 
construct stained by the Live/Dead assay (B) immediately after scanning, and after 
(C) 1 day and (D) 5 days of culture. Image (C) illustrates the fast cell attachment and 
spreading; the cells were elongated along the curvature of the device. Image (D) was 
obtained by focusing at a certain focal plane to best display the ring of cells on the 
inner and outer boundaries of the scaffold. Scale bar = 100 µm. 
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4.4.3 Layer-by-layer Imaging of 3D Structure by Confocal Microscopy 
 
To attain a spatial distribution of cells at different layers of the photopolymer 
mixture, it was important to determine if the cells continued to proliferate within the 
ring-shaped scaffold in a 3D manner. The bright-field image from a normal 
microscope cannot focus on cells in different layers of the fibrin; it can only focus on 
a certain focal plane. In contrast, the confocal fluorescence microscope can capture 
sharp images at different focal planes, so as to allow imaging of cells in distinct layers 
of the fibrin structure. The confocal images can be stacked together using an imaging 
software such as ImageJ, and the combined images can be observed with a 3D viewer.  
 
Figure 4.8 is a superposition of the different images obtained at varying focal 
planes in the z-direction of the microscope. It demonstrates that live cells stained in 
green appeared at different layers of the fibrin when the focal plane was varied at 
fixed intervals. The interval between two different images taken at their respective 
focal planes was ~ 3 µm. The 3D viewer reveals that the fibrin construct was ~ 100 
µm in thickness, from the bottom slice of the image to the top slice.  
 
The confocal images also validated that cells that were observed to be spreading 
around the construct grew and stacked over each other.  64 slices of the construct (Fig. 
4.9) were taken in total along the z-plane and stacked together (Fig. 4.8), illustrating 
that HUVECs were indeed growing along the curvature of the scaffold in a 3D 
manner.  
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Fig. 4.8. The stacked image as a superposition of the 64 confocal image slices. Scale 





Fig. 4.9. The different slices of images of the 3D ring-shaped construct. Cells were 
seen to grow healthily along the boundaries of the scaffold. The confocal images 
served to substantiate that cells not only grew within one layer of the fibrin matrix, 
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4.4.4 SEM Images to Portray the 3D Structures 
 
Scanning electron microscopy (SEM) images revealed details of the shape, 
structure and morphology of the fibrin constructs placed on a coverslip. They enabled 
the quantification of the dimensions of structures polymerized by TPLSP through the 
layer-by-layer process, and validated that the 3D constructs were able to withstand 
PBS washes. Freeze-drying of the samples was crucial to maintain the integrity of the 
fibrin constructs before SEM characterization. For freeze-drying, the samples were 
frozen at -80ºC for 3 h and vacuum-dried overnight. 
 
The height of the 3D freeze-dried fibrin structures was estimated from SEM 
images to be ~ 100 µm. Fig. 4.10(A) shows four fibrin constructs on the coverslip, 
while Fig. 4.10(B) shows a magnified image of one of the samples from Fig. 4.10(A). 
The images illustrate that the construct was ~ 400 µm in diameter with a ring 
thickness of less than 100 µm. The morphologies of some of the cells attached on the 




Fig. 4.10. (A) SEM image of fibrin constructs on a cover slip after freeze drying, 
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4.4.5 Precise Cell Patterning on Multiple Cell Types 
 
Co-culture of different types of cells remains a crucial aspect in tissue 
engineering to mimic the in vivo environment. This is especially challenging as 
researchers seek to develop tailored devices that exhibit consistent material quality, 
unlike materials derived from natural tissues, which differ from batch to batch [19]. 
Our efforts to address these challenges involve the application of TPLSP to 
distinctively designate multiple cell types on the same substrate. The selected cell 
types included fibroblasts, hepatocytes (HepG2), endothelial cells with green 
fluorescence protein (GFP), HUVECs and SMCs.  
 
Firstly, the ring-shaped micropatterns encapsulated two cell types, HUVECs and 
SMCs. The outer ring was deliberately made thicker to have SMCs within the width 
of the ring. SMCs were mostly found to distribute on the outer boundary of the larger 











Fig. 4.11. Ring-shaped microstructure whereby HUVECs were stained with a green 
fluorescent CD31 antibody (inner ring), and SMCs were stained with a violet alpha 
actin antibody (outer ring). Scale bar = 100 μm. 
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The patterning of multiple cell types is illustrated in Fig. 4.12 and 4.13. The 
method for encapsulating different cell types with the fibrinogen mixture and 
polymerizing in a certain shape were similar to that reported by us previously for a 
single cell type; the process was simply repeated with the second cell type to obtain 
the desired dimensions and shapes. For each process, individual fibrinogen-cell 






Fig. 4.13. Patterning of different cell types : fibroblast stained in Celltracker Orange 
CMRA, SMC stained in Celltracker Red CMTPX, and HUVEC and HepG2 stained 
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Fig. 4.12. (A) Positioning of 5 fibrin microconstructs on a coverslip. (B) Arrangement 
of multiple cell types to be patterned. 
 C 
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Each cell type could be entrapped within its respective cross-linked fibrin 
structure, and the cell types were therefore segregated by the 3D fibrin structures. By 
applying the appropriate scanning parameters and cell density, a higher resolution 




Fig. 4.14. High-resolution cell patterning of fibroblasts. Scale bar = 50 μm. 
 
 
4.4.6 PLL-PEG for Low Cell Attachment Coating 
 
An important issue in the micropatterning of cells is the prevention of non-
specific cell adhesion to regions of the supporting surface without the cell-adhesive 
matrix (e.g. fibrin). To have low cell attachment on the substrate, the coverslip was 
precoated with PEG. The glass slide (size: 13 mm × 13 mm) was coated with PEG 
solution according to manufacturer’s instructions [20]. PEG was dissolved in the 
appropriate buffer, 10 mM HEPES, and the pH was adjusted to 7.4 using 0.1 M 
NaOH or HCl. All the solutions were prepared in deionized water, and filtered 
through a 0.2-µm membrane. 
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Figure 4.15 shows cell attachment on the PEG-coated substrates as compared to 
controls of untreated substrate and normal tissue culture plate. The PEG-coated 
substrate exhibited significantly lower cell attachment behavior. 
 
 
Fig. 4.15. Characterization of cell attachment on PEG-coated and uncoated surfaces. 
(A) HUVEC on PEG-coated coverslip, (B) HUVEC on uncoated glass, (C) HUVEC 
on tissue culture plate, (D) fibroblast on PEG-coated coverslip, (E) fibroblast on 
uncoated glass, and (F) fibroblast on tissue culture plate. 
 
4.4.7 Single Cell ECM Micropatterned Array 
 
Micropatterned cell arrays are useful for distinguishing individual cellular 
behavior, such as the shape and distribution of cell organelles and cytoskeletal 
elements. The consistent cell shapes that they provide also allows for a more uniform 
cellular response towards external stimuli, such as cytokines or growth factors [21]. 
 
TPLSP is capable of scanning high-resolution fibrinogen micropatterns with 
designed dimensions, shapes and arrays. The patterned structures exhibited strong cell 
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attachment and viability as shown in Fig. 4.16. TPLSP is a simple, fast and flexible 




Fig. 4.16. (A) Array of star-shaped fibrin structures. (B) Live/Dead staining of the 
HUVECs attached to the microstructures.  
 
4.4.8 3D Structures for Intracell Seeding 
 
In conventional tissue engineering, one of the essential steps is to seed cells into 
the designed scaffolds. However, the surface pores of the scaffold may be too small 
for cellular infiltration. In such a case, it becomes a challenge to seed cells to reach 
the interior of the scaffolds, and to achieve a homogeneous cell distribution 
throughout the scaffold. 
 
TPLSP is a bottom-up approach that is able to polymerize the microdevices 
layer-by-layer. The unique photo-crosslinkable biomaterials allow cells to be 
premixed with the unpolymerized precursor. This makes cell seeding inside the 
scaffolds, or intracell seeding, possible, overcoming an important challenge in tissue 
engineering. To demonstrate intracell seeding, a 60-µm hollow cubic microdevice 
was designed. The void space was suitable for the seeding of a single hepatocyte. The 
  A               B 
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dimensions of the side window was 10 µm × 10 µm, which was intentionally 
designed to be smaller than the targeted cell size (25 µm) (Fig. 4.17). 
 
Figure 4.18 shows the array of 3D cell “cages”, whereby the side windows are 
clearly illustrated under bright-field microscopy. The stained fibrin construct showed 
a clear ceiling structure that was weaker in red fluorescence because the top of the 
device was thinner than the wall. The imaged structure matched the designed 3D 
intracell seeding microdevice. 
 
 
Fig. 4.17. Design of the intracell seeding microdevice. The top view illustrates that 
the side window is intentionally designed to be smaller than the cell size. 
 
 
Fig. 4.18. (A) Array of 3D intracell seeding microdevice. (B) The side windows are 
clearly observed, and the intensity of red fluorescence (stained by ethidium 
homodimer-1) matches the intensity expected for the wall and ceiling components of 
the microstructure. 
Top View Design 
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4.4.9 Intracell Seeding of Primary Hepatocytes 
 
Hepatocytes were premixed with the fibrinogen photo-crosslinkable mixture. 
The 3D intracell seeding microdevices were scanned layer-by-layer on top of the 
hepatocytes using TPLSP. Upon completion, the coverslip was washed in PBS for 5 
min to remove the excess fibrinogen and hepatocytes, and cultured in the incubator. 
Fig. 4.19 shows that cells were successfully seeded inside the scaffolds. It is not 




Fig. 4.19. (A) Fibrin microstructure with hepatocyte seeded in the center. (B) 
Confocal images of the devices that were stained by the Live/Dead assay. 
Hepatocytes were stained green with Calcein AM, which showed cell viability. The 
fibrinogen cage-like devices were stained red by ethidium homodimer-1. 
 
To confirm intracell seeding of hepatocyte into the fibrin microstructure, the 
device was imaged by a confocal microscope with a resolution of 3 µm for each focal 
plane. Figure 4.20 shows the top and center cross-sections of the intracell seeding 
device, clearly illustrating that the cell is housed within the fibrin cage fabricated by 
TPLSP. 
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Fig. 4.20. (A) Design of the intracell seeding microdevice, (B) Confocal image of the 




By providing a favorable microenvironment for the culture of HUVECs, we have 
demonstrated the value of TPLSP in the fabrication of 3D microstructured scaffolds. 
Studies have shown the influence of cellular microenvironment on cell functions [22], 
and specifically how a 3D microenvironment better mimics the physiological 
environment, as compared to two-dimensional (2D) cell culture [23]. We have 
developed a platform that would facilitate cellular micropatterning by allowing for 
fast cell attachment onto the scaffold, and hence reducing the time needed for 
subsequent implantation in various tissue engineering applications. The latter platform 
would be used to examine the effect of scaffold geometry on individual cells and cell-
cell interactions, and to construct cellular arrays for high-throughput diagnostics [24]. 
 
Cells could be encapsulated in our fibrin gels at a high cell density, and were 
spatially distributed in the final fibrin construct according to the concentration of 
fibrinogen used. Conventional cell seeding was not necessary in our method, thus 
eliminating its accompanying problems. The composition of the fibrinogen mixture 
  B 
 A     B      C 
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could be easily altered to trap cells homogeneously within the fibrin construct. In our 
study, the 3D device that encapsulated a homogeneous ring of HUVECs was 
immersed in the culture media. Hence, HUVECs were considerably well-perfused 
with the vital nutrients and growth factors that would ensure their healthy growth. 
Mass transfer of nutrients was especially efficient when the construct was small (with 
a diameter of ~ 400 µm) relative to the amount of surrounding media. The thickness 
of the ring structure was < 100 µm, which is within the diffusion limit of 200 µm 
(from blood vessels) [25]. It thus facilitated passive diffusion of nutrients from the 
culture media across the thin porous walls of the fibrin structure to the cells, and 
allowed for cell attachment and proliferation within the fibrin structure (Fig. 5). 
HUVECs were seen to elongate within the fibrin and grow to form confluent layers of 
cells. It was evident from the confocal microscopy images that the cells adhered 
within the fibrin structure in a 3D manner, and were aligned along the curvature of the 
device. In fact, the cells were able to attach themselves onto the curvature of the fibrin 
structure only after 1 day of culture. Rapid cell attachment illustrated that our fibrin 
structure was not only cell-adhesive, but also able to direct the way in which the cells 
would grow.  
 
These 3D fibrin constructs could also act as functional units [26] to better mimic 
the microenvironment in order to conduct advanced studies on cell functions and 
processes, such as cell proliferation and death. HUVECs piled up along the 
boundaries of the fibrin constructs illustrated the ability of our 3D scaffolds to 
accommodate a stack of cells (with a dimension of ~ 10 µm each) up to a height of ~ 
100 µm.  
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The use of [RuII(bpy)3]2+ led to cross-linked fibrin products with a very high 
yield. This was because [RuII(bpy)3]2+ is a strong light-sensitive molecule that 
provides rapid and effective protein cross-linking in the presence of visible light [27]. 
Infra-red light was used in TPLSP to photo-excite [RuII(bpy)3]2+ in our experiment. 
Polymerization was evident from the bright-field image of the structures after the 
washing of unpolymerized fibrinogen mixture. The constructs maintained their 
structures after 5 days of culture (Figs. 4.6 and 4.7). Live/Dead assay demonstrated 
that the cells were not affected by the infra-red irradiation. Figure 4.6 illustrates that 
HUVECs within and along the boundaries of the device were stained green, denoting 
the viability of the cells. A few red spots were observed, which were thought to be 
dead cells stained by the ethidium homodimer-1 dye. However, when only the 
ethidium homodimer-1 dye from the Live/Dead assay kit was added to a fibrin 
construct without cell encapsulation, the entire construct was stained red as shown in 
Figs. 4.6 (B, D). This indicated that the fibrin construct absorbed the red dye, 
producing an auto-fluorescence.  
 
An in vitro biodegradation study was conducted on the fibrin device. Human 
plasmin was used in this study since it is extensively available in our blood stream 
upon activation. Hence, our device with a confluent layer of endothelial cells would 
likely respond to the enzymatic action of plasmin following implantation. Figure 4.2 
shows that 50 μg/mL of plasmin degraded the cross-linked fibrin effectively. Since 
the physiological concentration of plasmin ranges from 100 to 200 μg/mL [28], our 
device should be degradable when used as an implant, leaving behind the remodeled 
layer(s) of endothelial cells. 
 
National University of Singapore 88
As cell functions could be better demonstrated by 3D versus 2D cell cultures 
[23], our constructs would present a useful tool to study cancer-causing cells and their 
associated signaling pathways. Our approach also enabled the fabrication of tissue-
engineered scaffolds with the desired biodegradability, cell compatibility, and ability 
to promote 3D cell proliferation [29]. Furthermore, since more complex structures 
could be readily derived with TPLSP, our method could lead to the construction of an 
array of hierarchical structures with the necessary extracellular matrix/fibronectin, 




The fibrin prepared by polymerizing bovine fibrinogen using the sodium 
persulfate (SPS)/ruthenium trisbipyridyl chloride [RuII(bpy)3]2+ system [30] did not 
affect cell viability when HUVECs were seeded on its surface and cultured for 48 h. 
Cytotoxicity test indicated the safe range of [RuII(bpy)3]2+ for use was < 3.5 mM and 
< 2.5 mM to minimize the toxicity to HUVECs and SMCs, respectively. The 
biodegradation study demonstrated that the cross-linked fibrin gave rise to increasing 
protein concentration in the supernatant when treated with different concentrations of 
human plasmin. This confirmed that the materials degraded into protein fragments in 
the 24-day study. A droplet from the cell-fibrinogen mixture was placed on a circular 
cover slip supported by a rectangular glass slide. The thickness of the droplet was 
controlled by the two spacers adhered to the rectangular glass slide. TPLSP was used 
to produce a 3D cross-linked fibrin structure with a ring-like shape. Since fibrinogen 
is water-soluble, unpolymerized fibrinogen from the cell mixture could be 
conveniently washed away by culture media or PBS. This process led to 3D scaffolds 
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that encapsulated HUVECs at a high cell density. The HUVECs remained viable after 
5 days of culture, indicating that the infra-red laser used to scan the fibrin gels did not 
result in cell damage. The ring-shaped scaffold not only encapsulated cells, but also 
served as a guide for the growth of HUVECs into confluent layers of endothelial cells 
on the inner and outer boundaries of the ring, forming incomplete rings within the 
scaffold. 
 
The bright-field images showed the fibrin construct as a solid ring with a slight 
shadow, illustrating its 3D structures (Fig. 4.7 (A)). The fibrin constructs were freeze-
dried for 24 h. SEM images confirmed that the freeze-dried fibrin structures were 3D. 
Confocal microscopy images (with Live/Dead assay) also substantiated that live 
cells grew in the 3D microstructures. 
 
Our cell encapsulation and TPLSP microfabrication process provide for the 
possibility of eliminating the conventional cell seeding problems. In addition, our 
work presents a simple and flexible method to construct microstructures that would 
lead to cell growth in 3D cell culture and tissue engineering.  
 
In summary, we have developed TPLSP for the fabrication of fibrin scaffolds. 
3D microstructured scaffolds could be derived at submicron resolution with high 
reproducibility and a reasonably high speed, based on a digitized model. The fibrin 
constructs were fabricated in a manner that enabled entrapment of cells at a high 
density and viability. The scaffolds provided mechanical support and directed cell 
spreading according to the shape and curvature of the constructs. Fibrin was found to 
be biodegradable, non-toxic and cell-compatible. 3D constructs of complex structures 
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could be achieved by our approach to mimic appropriate microenvironments for 
studying cell functions [22] and conduct basic biological studies, such as cell-cell 
interactions. 
 
We have also demonstrated the application of TPLSP to polymerize the 
biocompatible fibrinogen mixture to capture different types of cells within customized 
pre-designed structures in a consistent and reproducible way. The high precision of 
the fabrication process led to construct with nanoscaled features; the process could be 
easily scaled up to arrays of 3D micropatterns with the fully automated TPLSP system. 
Organic solvent was not needed for washing away unpolymerized fibrinogen mixture, 
and hence the microdevices obtained were compatible with further tissue culture 
studies. The glass substrate could be readily coated with PEG prior to adding the 
fibrinogen-cell mixture to prevent cell adhesion onto regions surrounding the 3D 
microstructures, allowing the cells to proliferate only within the 3D microstructures. 
This technology provides a new platform for the micropatterning of cells, enabling the 
building of microenvironments that more closely mimics in vivo environments for 
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Chapter 5 – Conclusions and Recommendations for Future Work 
 
5.1 Summary  
 
Two-photon stereolithography is an advanced rapid prototyping method for the 
fabrication of 3D devices, tissue scaffolds and biomechanical components. It is 
capable of polymerizing photo-sensitive resin by two-photon absorption within a focal 
region. The two-photon absorption involves an optical nonlinear occurrence that 
initiates photopolymerization when the combined energy of the two photons is 
equivalent to the transition energy between the ground and excited states. 
 
Our two-photon fs laser system comes with functions that produce finer scanning 
resolution than the cell dimensions to provide 3D architectures for cell culture. Using 
laser stereolithography system, we have created miniaturized and cell-compatible 
two-photon polymerizable scaffolds for hepatic tissue engineering. Our scaffolds 
could potentially overcome the general drawbacks, such as inflammatory response 
and fibrosis, of using silicon-based designs to engineer tissues for biomedical 
applications. 
 
 Our scaffolds mimic the cellular architecture and biophysical cues as observed 
in vivo, to provide a similar environment for culturing cells. The 3D 
microenvironment enabled us to overcome limitations on plasma exchange between 
engineered tissues and general circulation. Furthermore, cell-cell interactions between 
neighboring cells were enhanced. 
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TPLSP allowed for the construction of pre-designed 3D structures by computer 
programmes. This involved the polymerization of a photopolymer layer-by-layer to 
build 3D structures. The photopolymer is typically a resin that consists of a mixture of 
low-molecular-weight monomers that can be cross-linked to produce solid polymers 
in the presence of laser radiation in a particular range of wavelengths. 
 
TPLSP is a simple and versatile technique for fabricating 3D structures. 
Following the washing of the unpolymerized areas, the polymerized 3D structures 
were obtained as designed by the computer programmes. Our TPLSP setup overcame 
the bottlenecks of conventional methods, which require placing the photosensitive 
polymer on a piezoelectric stage with a relatively small working area. Our TPLSP 
system was developed to showcase its potential to improve the fabrication of tissue-
engineered scaffolds, tissue microconstructs, and cellular micropatterns. 
 
Hepatic tissue engineering using primary hepatocytes has been considered to be 
indispensable in providing therapeutic benefits to persons suffering from liver failure. 
However, the development of hepatic tissue engineering has been hampered by poorly 
expressed phenotypic functions of hepatocytes due to insufficient cell-cell interactions 
in homotypic culture systems. To address this problem, double layered cell sheets co-
culture of human umbilical vein endothelial cells and primary hepatocytes has been 
explored [1], but problems from the use of sheets (a two-dimensional concept) still 
exist. 
 
We have presented a novel approach of using a stereolithography laser system to 
create two-photon polymerizable scaffolds for culturing primary hepatocytes. Our 
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bioartificial scaffolds were designed to replicate the natural cell architecture, and 
incorporate biochemical cues on the material surface. Thus it could possibly be 
implanted into a person’s body for the purpose of liver regeneration in the future. 
 
The functionality of the primary hepatocytes on our scaffolds was determined by 
albumin secretion and urea synthesis as surrogate markers to measure both 
quantitatively and qualitatively the protein synthesis and nitrogen metabolism, 
respectively.  Consistently higher levels of albumin secretion and urea synthesis of 
hepatocytes were obtained on 3D scaffolds as compared to monolayer culture. This 
was significant as hepatocytes in conventional homotypic culture systems lose their 
functionality substantially over time. Our approach would pave the way for the 
advancement of hepatic tissue engineering, facilitating the synthesis of a liver using 
functional, artificial tissue blocks. 
 
Biomimetic 3D microstructures could provide the architectures to control cell-
cell interactions, and to guide cells to grow under conditions similar to that in vivo. 
Engineering functional tissue masses would require complex and high-resolution 3D 
microstructures for precise cell patterning to guide cell proliferation and polarization. 
A 3D microstructure that mimics the histology of blood vessels has been shown to be 
viable by using TPLSP to arrange the locations of the cells. The endothelial cells 
could be easily restricted within the center ring, surrounded by an outer ring with 
SMCs. 
 
The composition of the photopolymer mixture has been optimized for the desired 
protein cross-linking effect and quality of the polymerized microstructures by TPLSP. 
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Following that, biodegradation, biocompatibility and cytotoxicity tests of the material 
confirmed the fundamental attributes required of a potential tissue scaffold to guide 
the growth of cells, and demonstrated the feasibility in exploiting these characteristics 
in tissue engineering applications. Our photo-sensitive resin showed good 
biocompatibility and supported strong cell adhesion. The higher resolution of laser 
microfabrication also provided a higher degree of cell manipulation and control in 
three dimensions, which was important to induce cells to perform the proper functions. 
 
We have successfully developed a cell encapsulation cum TPLSP 
microfabrication process to eliminate existing cell seeding problems. In addition, our 
work presented a simple and flexible way to construct microstructures for 3D cell 
culture and tissue engineering. These structures were fabricated in a manner that 
enabled entrapment of cells at a high density and viability, which further allowed for 
rapid cell adhesion. The scaffolds were able to provide mechanical support and direct 
cell spreading according to the shape and curvature of the constructs. 
 
This thesis successfully developed TPLSP to build complex 3D constructs. 
Excellent microenvironment for tissue engineering and cell culture studies were 
achieved. 
 
5.2 Further Improvement in the TPLSP System  
 
TPLSP constructs 3D microdevices by a layer-by-layer process. This technique 
relies on the precise alignment of the focal plane for laser polymerization. If the focal 
plane is too low, initial scanning plane would be immersed in the substrate, and the 
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designed devices cannot be fabricated completely. If the starting plane is too high, the 
scanned devices would be easily washed away by the developer. To ensure the correct 
starting focal plane, we have used glass wafer as a substrate whereby the error in the 
thickness was less than 1 μm. In the future, we can design an autofocusing function to 
minimize the need for manual adjustments. This would further reduce human error 
and speed up the processing time.  
 
5.3 Possible Improvement in the Scaffold Design Software 
 
The fabricated scaffolds were based on the geometry and shape of the scaffolds 
designed with the CAD software. The scaffold design must be determined by the user, 
following architectural rules and accounting for the aspect ratios between the scaffold 
design and the fabricated microdevices. The ideal software should be able to calculate 
and provide feedback on the possibility of fabricating the desired design using CAD, 
so as to avoid errors. It would also be useful to better match the scaffold design to the 
histology of the real tissue structure. This could help us to achieve scaffolds that most 
closely mimic in vivo systems.    
 
5.4 Further Improvement in the Cell Culture Studies 
 
The TPLSP system was located in a laser room that was exposed to the open 
environment, which might not be ideal for the cell culture experiments and cell 
analysis. Cells encapsulated in the photopolymer might be contaminated by such open 
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atmosphere. To resolve this issue, the TPLSP system should preferably be moved to a 
cleanroom or a sterilized fume hood. 
 
5.5 Applications to Other 3D Microstructures and Micropatterning 
 
The TPLSP system can be widely applied in the areas of cell patterning, cell-
based assays and tissue engineering. For example, it can be employed in the 
development of 3D models for drug discovery and testing.  A plethora of different cell 
types could be studied, e.g. neurons for the formation of neural networks and 
embryonic stem cells for controlled differentiation. We can also use our platform to 
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